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ABSTRACT
The resolution of optical imaging and lithography is limited by the wave nature of light. Studies have been
undertaken to overcome the diffraction limit for imaging and lithography. In our lab, the standing wave
surface plasmon resonance fluorescence (SW-SPRF) microscopy was developed. It is a combination of
standing wave total internal reflection fluorescence (SW-TIRF), one of structured illumination techniques,
with surface plasmon resonance (SPR). The SW-TIRF approach decreases the excitation wavelength by
interfering two coherent light rays on the substrate and producing an evanescent standing wave field between
the object and a high refractive index substrate. Evanescent standing wave illumination generates a
sinusoidal interference pattern with 2n times higher-spatial frequency than original light, where n is the
refractive index of the substrate allowing higher lateral resolution. Surface plasmon is generated by
reflecting a light on the gold surface through the cover glass at a specific angle inducing collective excitation
of electrons in the metal. The SPR contributes a better signal-to-noise ratio by inducing an enhanced
evanescent electric field to excite fluorophores. With the SW-TIRF instrument, about 100 nm resolution was
obtained. In this thesis, we aim to produce less than 50 nm resolution lithography and imaging using
corrugated gold surface. The induction of surface plasmon wave with large wave number is made possible
by the sinusoidal gold surface allowing wave number matching between the excitation light and the surface
plasmon wave. This wave number matching requires proper optimization of parameters like grating constant,
perturbation depth, incidence angle of the beam, and excitation wavelength. The fabrication of the
corrugated gold surface would be done by e-beam etching with varying parameters. For lithography, nano-
patterns would be investigated on azo dye thin films, Congo-Red dye with spin-coating, exposed by an
interference of evanescent waves propagating on a substrate. The result patterns would be measured with
AFM. For imaging, sub-diffraction limited fluorescent particle would be used for point spread function
measurement and high-resolution demonstration.
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1. Introduction
1.1 Background and motivation
1.1.1 Limits and enhancement of optical resolution
Light emitted or scattered from an object passes through an optical system and is distributed at the
image space. Optical imaging is measuring the light distribution at the image space and optical lithography
is making a pattern using photo-sensitive chemical with the light distribution at the image space. The image
from an object becomes blurred and distorted while the light from the object propagates through the optical
system because of the wave nature of light. The image from a point object, with a size substantially smaller
than the wavelength of light, becomes broader than its original size. This image is called point spread
function (PSF). If we regard an object as a superposition of many point objects, the image formed by the
optical system can be simplified as a convolution of PSF and the light distribution at the object space. The
resolution of an optical system is defined as the distance of the closest two point objects which the optical
system can discriminate. If Lord Rayleigh's criterion is applied, two objects are said to be just resolved when
the center of one Airy disk falls on the first minimum of the Airy pattern of the other star. Tthe resolution is
approximately equal to the full-width at half-maximum (FWHM) of the PSF [1]. The Rayleigh resolution
equation is
2 20.61-=0.61 (1.1)
NA nsinO
where A is the wavelength of light, NA is the numerical aperture of the optical system, n is the refractive
index of medium where the object is emerged, and 6 is the maximum angle for the objective lens to collect
the light from the object. In optical lithography, the Rayleigh criterion is slightly modified like the following
K 2 - = K, , (1.2)NA nsin9'
where C, is a constant for a specific lithographic process [2]. The above Rayleigh equations suggest the
multiple directions in which people have tried to enhance the resolution of the optical system in imaging and
lithography over the past year [3]. First, shorter and shorter wavelength light sources have been developed.
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Currently 193 nm (ArF) laser systems can be bought commercially and 118-nm (ninth harmonic of YAG) by
tripling the third harmonic in Xe:Ar mixtures is being under development. Even EUV (extreme ultraviolet,
13 nm) and X-ray photons could be used in the future. But as the wavelength becomes shorter, the light
source becomes more complex and expensive. Further some samples, like biological material, can be
damaged by UV light and too short wavelength cannot be used for imaging in that case. Second, people
have been trying to extend numerical apertures. Soild immersion lens (SIL) has been tried for optical
imaging and lithography. Liquid immersion lithography (LIL) has been studied. Third, to get higher K1
value for lithography, resolution enhancement techniques (RET) such as Optical Proximity Correction (OPC),
Phase Shift Mask (PSM), and Off-axis illumination (OAI) have been used to improve the spatial frequency
or get a better contrast.
1.1.2 Standing wave total internal reflection fluorescence (SW-TIRF) microscopy and
Standing-wave Total Internal Reflection Lithography (SW-TIRL)
The challenge of achieving resolution beyond the diffraction limit in optical microscopy has been
called super-resolution microscopy. The standing wave total internal reflection fluorescence (SW-TIRF)
microscopy is the combination of total internal reflection fluorescence (TIRF) microscopy and structured
illumination microscopy, one of super-resolution microscopy techniques [4]. When total internal reflection
occurs at the interface between high refractive index substrate and low refractive index specimen, evanescent
waves are formed in the low index specimen. SW-TIRF uses more than two beams to produce counter-
propagating evanescence waves which interfere to form standing wave structured illumination. In this
approach, the lateral resolution is enhanced by a factor of approximately 2n, where n is the refractive index of
the high index substrate, compared to normal microscopy. The factor of two comes from the fact that the
standing wave spacing two times narrower than the normal wave and the factor n comes from the continuity
of the wave vector magnitude above and below the interface.
Above mentioned standing wave total internal reflection fluorescence microscopy can be used for
lithography in so called standing-wave total internal reflection lithography (SW-TIRL) [4]. In this case, SW-
TIRL can be regarded as the combination of interference lithography (IL) and solid immersion lens (SIL).
Interference lithography (IL) is performed by interference between the two coherent beams to make a
sinusoidal standing wave in the photo-sensitive resist chemicals. IL has been used for the production of
periodic structures like gratings for interferometry, spectroscopy, metrology, and high density magnetic
memory. Solid immersion lens (SIL) improves the resolution by increasing the refractive index of the gap
between the lens and the sample.
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1.1.3 Surface plasmon resonance and Standing wave surface plasmon resonance
fluorescence (SW-SPRF) microscopy
A metal can be treated as a free electron gas of high density. With this view, longitudinal electron
density fluctuations will propagate through the surface of the metal and the quanta of these oscillations is
called "surface plasmon (SP)" [5]. Surface plasmon is generated by momentum and energy transfer from
electrons or light. The application of photons to excite SPs has been studied actively these days for several
reasons. The efficiency of inducing surface plasmon resonance, the energy transfer from light to surface
plasmons, is very sensitively dependent on the surface condition. Using this sensitivity, one can fabricate
sensors for chemicals and there are already several commercial products in the market [6-8]. The reverse
transform from SPs to photons also occurs and especially when localized plasmons are generated by
nanoscale metal island or tips where there are intense localized electric fields. Surface Enhanced Raman
Scattering (SERS) or Tip Enhanced Raman Scattering (TERS) uses this enhanced photon radiation in
localized volume caused from SPs-photon energy transfer to get chemical information, Raman spectrum, from
the sample [9, 10]. Finally, the frequency of surface plasmon oscillation is in the order of THz which is
about one thousand-fold faster than the working frequency of existing electronic devices. Electronic devices
with an order of magnitude faster speed have been studied using surface plasmon resonance [11].
Standing wave surface plasmon resonance fluorescence (SW-SPRF) microscopy couples SW-TIRF
with SPR. One method to generate SPR is using attenuated total reflection (ATR) coupler. ATR coupler
uses the same geometry as total internal reflection (TIR) except that there must be a metal surface between
high refractive index medium and low index one and P-polarized light is needed. So the standing wave
technique applied to SW-TIRF can be also used to surface plasmon resonance fluorescence (SPRF)
microscopy which uses the enhancement of electric field from SPR.
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1.2 Objectives
In our group, though SW-TIRF experimental setup was already built and about 100 nm resolution
was obtained with the setup [12], SW-TIRL has not been demonstrated experimentally. We have also
studied SW-SPRF and quantified its PSF. In these previous research, SW-SPRF uses a flat gold coated
cover glass to make SPR for the purpose of signal enhancement from fluorophores. In this thesis, we
upgrade our SW-SPRF and standing wave surface plasmon lithography (SW-SPRL) systems by using
corrugated gold coated cover glass. First, we will design an SW-SPRL setup with high wave number to
make a surface relief grating with sub 50 nm period. The introduction of sinusoidal roughness on gold
surface allows plasmon wave with larger wave number than flat gold surface through wave number matching
between the excitation light and the surface plasmon wave via the grating constant. Second, we will prove
that SW-TIRL could be done.
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2. Theories, methods, and materials
2.1 Review of SW-TIRF
The image formation process in process in fluorescence microscopy can be described
mathematically like followings,
I(x) = [O(x)E(x)] ® P(x), (2.1)
where I(x) is the image intensity of a fluorescent microscopy, O(x) is the distribution of fluorescent object at
position x, E(x) is the intensity distribution of excitation light, and P(x) is the emission point-spread function
(PSF) [4]. If we use the uniform illumination, E(x) is constant regardless of x and this representation
corresponds to wide-field fluorescence microscopy. On the other hand, SW-TIRF uses sinusoidal standing
wave illumination as
E(x) = 1+ a -cos(4rnsin 0 -x/ A), (2.2)
where a is the contrast of the standing wave, n is the refractive index of a substrate, 0 is the incidence angle of
the excitation beam at the interface, and k is the vacuum excitation wavelength [4]. The image formation
process of SW-TIRF is different from the conventional wide-field fluorescence microscopy like,
I'(x) = O(x)®[E(x)P(x)]. (2.3)
The effective PSF is the multiplication of the structured excitation intensity E(x) and the conventional PSF
P(x).
(a) (b) (c)
Fig. 2.1 The resolution enhancement of SW-TIRF (a) sinusoidal standing wave illumination (b) a typical airy
function (c) multiplication of sinusoidal standing wave and an airy function.
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Fig. 2.1 depicts the process how SW-TIRF can enhance the resolution in the view point of point
spread function engineering. In (c), an FWHM of an effective PSF decreased compared with that of (b)
because of high frequency component transferred from sinusoidal standing wave. To make this effective
PSF, sinusoidal excitation field must be translated sequentially and series of images should be obtained and
summed with specific weighting to get a final image. The detailed derivation of SW-TIRF algorithm can be
found in the literature and Dr. Chung's thesis paper [4, 12].
(b) 4=i (d) W.=i..s
(a)
0=0-
(C))
Fig. 2.2 The algorithm to generate a one-directional SW-TIRF image from three intermediate images with
different phases. (a-c): intermediate images, (al-cl): intermediate images multiplied by corresponding
weighting functions, (d) original TIRF image, and (e) 1 D SW-TIRF image [4].
As in Fig. 2.2, one ID SW-TIRF image needs three wide-field images of which phase of the
interfering standing wave excitation is 120* different from one another. The direction of standing wave
excitation is vertical and objects are fluorescent beads with sub-diffraction-limit size. (d) is the conventional
TIRF image and (a-c) are the intermediate images on the CCD camera during SW-TIRF. (a-c) are multiplied
by corresponding weighting functions with the underlined standing wave information and become (al-cl).
One ID SW-TIRF image with enhanced resolution in the vertical direction is obtained by summation of (al-
cl).
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2.2 SW-TIRF optical setup
Sample
Objective,
60X, NA1.45
Half-wave CMOS
plate Collimation Tube lens linear arraryBeam /lens detector for
phase detection
Retro
reflector Emission
Piezoelectric polarizer
transducer ensified
Fig. 2.3 Schematic diagrams of SW-TIRF setup
The SW optical setup is shown in Fig. 2.3. The light from a laser (532 nm, Verdi-10, Coherent) is
delivered to the system through a single-mode polarization preserving optical fiber (Oz optics, Ottawa,
Canada). The beam is then divided by a 50:50 beam splitter. One beam is reflected from a retro-reflecting
mirror and the other beam passes through a half-wave plate and a linear polarizer to match the intensity of two
beams because the retro-reflecting mirror loses some portion of the incident beam. The final incidence angle
onto a sample is controlled by the separation distance of two fiber tips. The divergent beams from these
fiber tips focused down to the back-focal-plane of a high NA objective (Olympus Plan Apo 60X NA1.45) by a
collimation lens (f = 200mm), a tube lens (f = 125mm), and a dichroic mirror (z532dc, Chroma, Rockingham,
VT). A linear polarizer between the collimation lens and the tube lens keep our illumination in specific
polarization state, S-polarization or P-polarization. The beams from the objective excite the sample by total
internal reflection. The SW phase was controlled by a feedback control system composed with a linear
CMOS array detector (S9227, Hamamatsu, Bridgewater, NJ), an embedded microprocessor (SBC0486,
Micro/sys, Montrose, CA), and a piezoelectric transducer (PZT, P-810.10, Polytec PI, Auburn, MA). The
excitation beams which leaked through the back of the dichroic mirror are expanded to form an interference
pattern on the linear CMOS sensor for the SW phase detection and the microprocessor drives the PZT
attached to retro-reflecting mirror to vary the optical path length. The fluorescence emission and the
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scattered 532 mu excitation light are collimated by the objective and incident on the dichroic mirror. The
532 nm light is blocked by the dichroic mirror and further attenuated by a barrier filter (HQ545LP, Chroma,
Rockingham, Vt, not shown in the diagram). The emission finally passes through the dichroic mirror and a
16X relay optics and is focused onto a intensified CCD (iCCD) camera (Pentamax, Princeton Instrument now
Roper Scientific, Trenton, NJ).
2.3 Review of SW-TIRL
Standing evanescent wave
I'l P hotoreisi
Glass substrate
Objective,
60X, NA1.45 Collimation lens Focusing lens Objective
(NA, M)
Collimation Tube lens
lenso
Fiber tips
~-X2
Linear
polarizer (a) (b)
Fig. 2.4 Schematic diagram of SW-TIRL (a) the real optical setup and (b) simplified geometry to calculate the
standing evanescent wave fringe period [4]: Only the center lines of the excitation beams are depicted. f, and
f2 are the focal lengths of the collimation lens and the focusing lens. The objective lens has magnification of
M, with standard tube length of fTB and a numerical aperture of NA. 0 is the incidence angle of the entering
beam.
The basic principle of SW-TIRF is the interference of two light rays and this corresponds to the
principle of Interference lithography (IL). The idea of Standing-Wave Total Internal Reflection Lithography
(SW-TIRL) comes from this similarity. In Fig. 2.4 (a), all conditions are exactly the same as SW-TIRF
except that there is photoresist film on the glass instead of sample to image. If the thickness of the
photoresis film is much less than the wavelength of exciting light, the two beams from objective lens undergo
total internal reflection. During the process of total internal reflection, part of the incident ray's energy isn't
reflected back and just penetrates into the air and generates an exponentially decaying evanescent
electromagnetic field in the air. While TIRF uses above mentioned standing evanescent wave to excite the
fluorescent molecules for imaging, TIRL utilizes this standing wave to change the chemical structure of
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photoresist for lithography. A simplified diagram in Fig. 2.4 (b) describes the geometry to calculate the
standing evanescent wave fringe spacing. Accoridng to the Dr. Chung's doctoral thesis, the fringe spacing at
the sample plane can be expressed as a function of x1:
(2.4)
where X is the excitation beam wavelength, fi and f2 are the focal lengths of the collimation lens and the
focusing lens, M is the magnification of the objective lens with standard tube length of fTB [4].
Fig. 2.5 AFM images of SRG (Surface Relief Grating) fabricated by evanescent waves: (a) S-polarization and
(b) P-polarization [13].
Fig. 2.5 shows the result of nano-fabrication of surface relief gratings on Congo Red films utilizing
interference of S- and P-polarized evanescent waves on prism in the literature [13]. Their method is exactly
the same as our SW-TIRL except that we used a high NA objective instead of a prism. The Congo Red thin
films were spin-coated on a microscope cover glass (n = 1.522) with the thicknesses of about 40 rum for the
0.01M solution of deionized water. The AFM images were measured after the irradiation of total internal
reflection evanescent waves for 20 min by 488.0 nm Ar ion laser with the power density 100 mW/cm 2 and the
incident angles of 45o. While lines in SRGs were patterned on the CR film by the interference of the s-
polarized evanescent waves, as shown in Fig. 2.5(a), In the case of p-polarized evanescent waves, no line
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patterns were obtained, but nano-dot patterns were seen on azo dye films as shown in Fig. 2.5(b). However,
the simulation in Dr. Chung's doctoral thesis suggests that P-pol SW-TIRL is also feasible [4]. We aim to
resolve this controversy by attempting to fabricate interference line pattern with P-polarized light using the
similar condition as the literature by Ohdaira et al. in 2006 [13].
2.4 Theoretical review of wave vector increase based on surface plasmon
resonance (SPR)
light line = ck' The A TR method light line
c .
E =40 sin 00 kx
-------- ------- Disperison relation of
surface plasmons
kx
Fig. 2.6 The ATR method: Since the light line declines
downward, light can excite surface plasmons of angular
frequency (Do.
The dispersion relation of light and surface plasmon (SP) must be matched to allow the energy of
the photons to be transferred to surface plasmons; the two branches of the dispersion curves must meet. But
the direct application of photons to excite SPs is difficult because the dispersion relation of surface plasmon
lies right from the light line in Fig. 2.6. At a given wave length, so to say a given photon energy hco, the
wave vector ho/c of light has to be increased in order to transform the photons into SPs. One of method to
increase the wave vector is using ATR (Attenuated Total Reflection) coupler. The slope of light dispersion
relation line decreases by the factor of Je sin O0 and two graphs can be matched at specific point.
62 air
P (mt metal
I I.,
! "0
C iC-X.
glass
Fig. 2.7 Configuration of ATR coupler to
induce surface plasmons on the metal surface.
k: wave vector
oo: angular frequency of exciting light
E: dielectric constant
14
")
exciting
light
Fig. 2.7 shows how ATR coupler works to excite surface plasmon with photon. When light penetrating a
dielectric medium ( 6 >1, glass) is reflected at a metal surface, its momentum is (hCO / c).J . And when
dispersion relation of light and that of surface plasmon are matched, the projection of the momentum of the
light on the surface induces surface plasmon with the wave vector
k, = Ji-sin 0 [14]. (2.5)
C
The dispersion relation of the surface plasmons is
1,2 )1/2
k, =. {62 [14], (2.6)
C 61 + -2
where w is the angular frequency of exciting light, c is the speed of light in vacuum, el is the dielectric
constant of metal, and 62 is the dielectric constant of the dielectric medium on the metal surface. The
dielectric constant of the metal is sensitive to angular frequency and given like
2 2 1/2
1 (o)=I- and co, = (ne / freem)I, (2.7)
where cop is called plasma frequency, n is the free electron number density of the metal, e is the charge of an
electron, efe is the dielectric constant of vacuum, and m is the atomic mass of the metal [5]. To get SPR
angle and surface plasmon wave vector at a given exciting light, metal, and dielectric media, we can get the
following equation from equation (2.5) and (2.6),
, 6 1/2
J sino - +12 (2.8)
C C +2
O0 = sin-'1 612 J (2.9)
F-- 1 + 62 /
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, ( ~1/2
k=- c
C 61 (0)) +62 (O)
(2.10)
However, this method has no advantage in resolution because the wave vector of light and that of surface
plasmon are the same. We can only expect higher electric field compare to conventional total internal
reflection setup. But we can put corrugation on the metal surface to add more wave vector term in the light
dispersion relation.
air Fig. 2.8 Configuration of ATR with a grating
metal coupler
k: wave vector
glass 0o: angular frequency of exciting light
E: dielectric constant
Fig. 2.8 shows a modified ATR coupler with corrugation on the metal surface. A grating with a grating
constant a can add a value of vg to the wave vector of exciting light with V an integer and g = 2;r/a. Then
the dispersion relation (2.8) is changed like,
S , s1/2
kx =-sin0 ±vg=- I spC C 61+62)
(2.11)
where g = 2r / a , a = grating constant, and v = diffraction order [14]. We will use the first order
diffraction coupling because its intensity is larger than any other higher order diffraction and the dispersion
relation becomes
, )1/2
k = e sin 00 + g = 12 = kSC C 61 +62
16
(2.12)
000
W) light line The ATR light line The AT with a grating light line
0) ck. w- C k' = c k g)
sin Si 0 Disperison relation of
surface plasmons
exciting
light
Fig. 2.9 The ATR with a grating method:
ATR declines the light line downward and a
grating shift the light line forward
As we can see in Fig. 2.9, the ATR coupler declines the light line and a grating on the metal surface shift it to
the right. We must notice that the matching angular frequency, the color of exciting light, must be changed
also when we add corrugation on the metal surface.
2.5 Design of SW-SPRL using grating launch geometry
2.5.1 Theoretical Review
2k
k V AA kn n2
Fig. 2.10 The ATR with a grating method: ATR
air declines the light line downward and a grating
)metal shift the light line forward.
glass
0i
00
! -
The final goal of this paper is to make standing surface plasmon wave with wave vector 2k, using ATR with a
grating coupler in Fig. 2.10 and to get sub 50 nm resolution in lithography and microscopy. Two symmetric
incident beams generate two counter-propagating surface plasmon waves. Two surface plasmon waves
interfere each other and one standing wave fringe is made and the period of that standing wave is a half of
original surface plasmon wave. From equation (2.12),
I 2 /, ( , 1/2
P kx ;r rC 1())+6200) 7rstanding wave period= - = =(--=-- = W
2 2 k-sin+ g
(2.13)
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And SW-TIRF resolution, FWHM, is almost one half of the standing wave period,
FWHM= = C +2 1/2
2 2w 12 2(F- Csin+g)
C
(2.14)
22
where e (w)=I- (;2and , =(ne2 /reem)1/2 . From above equations, we can know that there are six
parameters affecting the final resolution of the method used in this paper; e0, el, e2, 00, g(a), and co.
These six parameters can be described as, the kind of material under the metal, the kind of metal, the kind of
medium on the metal, the incidence angle of the exciting light, the grating constant, and the angular frequency
(wavelength) of the exciting light. This thesis would demonstrate that sub 50 nm resolution is possible with
appropriate selection of these parameters.
2.5.2 Optimization of parameters by simulations
The kind of material under the metal was fixed as glass because its refractive index is higher than
the air and transparent for visible light. The kind of metal affects the free electron number density, the free
electron number density determines plasma frequency, and the plasma frequency determines the dielectric
constant of the metal with wavelength of exciting light.
Element N/V (10 28/m3) Element N/V (10 28/m 3) Element N/V (10 28/m 3)
Ba 3.15 Mg 8.61 Ga 15.4
Sr 3.55 Hg 8.65 Mn 16.5
Ca 4.61 Cd 9.27 Fe 17
Nb 5.56 In 11.5 Al 18.1
Ag 5.86 Pb 13.2 Be 24.7
Au 5.9 Zn 13.2
Cu 8.47 Sn 14.8
Table. 2.1 Free electron number densities of various metals [15].
Table. 2.1 shows the free electron number densities of various metals. To know the effect of the free
electron number density on the final resolution, we took three metals (aluminum, copper, and gold) and
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calculated the wave vector of one surface plasmon, not the standing wave, and FWHM with the assumption
that SPR coupling with the exciting light is always possible and the medium on the metal surface is air.
X1 Fig. 2.11 The dispersion relation of surface plasmons
A] of gold, copper, and aluminum. The horizontal lines
are excitation light sources whose wave lengths are
12 CU
193 nim, 266 nm, 355 nm, and 532 nm.
Au
----- - -- 2466 nm -...
- ... 26 nm
0 .05 1 1.5 2 2.5 3 3.5 A 4.5
The longer the wave vector of surface plasmon is, the finer resolution we can get. The method of using
surface plasmon to get a long wave vector becomes useful when we can couple SPR in the region of plateau
in Fig. 2.11 because the wave vector increases exponentially. The horizontal lines describe the typical laser
light sources and we can check that only the dispersion curve of gold can meet the light source with the wave
length longer than 193 nm.
Fig. 2.12 and Table 2.2 The FWHM of the imaging PSF according to elements and excitation wave lengths.
The FWHM is roughly defined as one quarter of surface plasmon wavelength.
Fig. 2.12 and Table 2.2 show the usefulness of gold more effectively. In the vicinity of 200 nm wave length
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Element
Au Cu Al
excitation wave
195 nm 5.4 33.4 43.8
266 nm 53.0 58.4 63.3
355 nm 80.5 83.4 86.4
532 nm 128.2 129.7 131.5
of the exciting light, the FWHM of the imaging PSF starts to decrease dramatically compared with other
metals. In conclusion, the higher the free electron density of metal is, the better resolution we would get.
In table 2.1, in spite of the high free electron density, Ba, Sr, and Ca are reactive and Nb is a rare metal. Ag
may react with bio-sample. Au has comparable free electron density to Ag and is chemically inert to bio-
sample. So we selected Au (gold) as a metal layer for surface plasmon.
The dielectric function of gold The dielectric function of gold
Table- Table
-5 - - Equation ------ Compensated equation
-55-
-10-
C 1
o20-15- -1
-2 -15 -
S-25-
202
-30-
-35 -251 -2.2 2.4 2.6 2.8 3 3.2 3.4 3.6 3.8 4 2.2 2.4 2.6 2.8 3 3.2 3.4 3.6 3.8 4
W (rad/s) X 10" W (rad/s) X 10"5
Fig. 2.13 The dielectric function of gold Fig. 2.14 The dielectric function of gold
(before compensation) (after compensation)
To determine the remaining parameters, we needed to know the dielectric function of gold according to the
angular frequency of the exciting light. Several dielectric values of gold were experimentally found in the
literature [14] and we compared the values with the result from equation (2.7). Although, experimental
values and calculated ones don't match each other, the trend matches well as in Fig. 2.13. The average of
the difference of two curves is 9.7876. Simulation works about surface plasmon use a polynomial fitting to
experimentally determine dielectric function. So we added 9.7876 to equation (2.7) and got the following
dielectric function of gold,
= !L - +9.7876. (2.15)
Two dielectric functions matches very well in Fig. 2.14 and we will use this dispersion relation of gold for
calculation. From this result, we can guess that Fig. 2.11 and Fig. 2.12 would be different from the
experimental data and need to be corrected. But the trend itself would be similar and they could be used to
compare several different metals qualitatively.
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2X0 Fig. 2.15 Surface plasmon dispersion of gold
- -Air (n=1)
73) according to media (a) surface plasmon wave vector vs.
angular frequency (b) excitation light wavelength vs.
surface plasmon wave length (c) surface plasmon wave
vector vs. excitation wave length
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We calculated the SP dispersion (not standing wave) with air media in Fig. 2.15. Refractive index of
biological sample lies between that of water and that of glycerin. So water case and glycerin case were also
calculated. From Fig. 2.15 (a), we can know that at a given exciting light (angular frequency), the higher the
refractive index of the medium on the metal, the higher surface plasmon wave we can get. Fig. 2.15 (b) and
(c) shows this trend more effectively and give us the approximate range that our scheme becomes useful.
The surface plasmon wave length decreases dramatically between 400 nm and 600 nm exciting light wave
lengths and this means that we can use visible light. Our lab has two lasers between 400 nm and 600 nm
wave length. One is 532 nm Verdi-10 from Coherent and the other is 473 nm LRS 473 TM 30-5 from
Laserglow. 473 nm LRS 473 TM 30-5 would be more appropriate for high resolution demonstration, but
other parameters also must be considered for SPR coupling.
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(a) Air (n=1)
Grating constant (nm) 600 500 400 300 200 100
Surface plasmon wave length (nm) 214.9 200.3 181.8 157.5 124.4 76.2
Excitation wave length (nm) 477. 476.2 475.4 474.4 473.41 472.5
(b) Water (n=1.33)
Grating constant (nm) 600 500 400 300 200 100
Surface plasmon wave length (nm) 222.8 206.5 186.5 160.9 126.6 77.4
Excitation wave length (nm) 504.8 501.6 498.3 494.9 491.6 488.7
(c) Glycerin (n=1.473)
Grating constant (nm) 600 500 400 300 200 100
Surface plasmon wave length (nm) 222.1 205.6 185.5 159.9 125.8 77.0
Excitation wave length (nm) 521.1 516.1 511.1 506.1 501.3 497.1
Table. 2.3 The surface plasmon wave length and the corresponding excitation
grating constant for three different medium on the gold surface.
wave length according to
It is not easy to make a grating with a smaller grating constant than 100 nm even with electron-beam
lithography. From Table. 2.3(a), we can know that we can generate using 473 nm LRS 473 TM 30-5 with a
grating constant between 100 nm and 200 nm. So it is feasible to use 473 nm LRS 473 TM 30-5 laser to
demonstrate about 50 nm resolution optical imaging by SW-SPRF with a grating. However, when we want
to demonstrate interference lithography, we have to deposit photoresist chemical on top of gold coated glass;
the dielectric medium is not air any more. The refractive index of photoresist chemical is generally much
higher than air. Thus we can't use LRS 473 TM 30-5 because the SPR coupling point a moves to point b in
Fig 17 and excitation wavelength change severely. As a result, we decided to use 532 nm Verdi-10 laser.
Therefore we need higher refractive index dielectric material than glycerin as can be seen in Fig 2.16.
a Refracti ve index goes large.
...-....-.........-.........-----.-
b
......  .. ..............
Fig. 2.16 schematic SPR dispersion curve change
according to the refractive index of dielectric material on
the gold surface
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Fig. 2.17 (a) Chemical structure of Congo red (CR) and (b) optical absorption spectrum of CR thin film [13].
We are going to use Congo Red (CR) shown in Fig. 2.17(a) as a photoresist equivalent chemical on the gold
coated cover glass. Congo Red is a kind of azo dye and the N=N group in the functional group R-N=N-R' an
azo or diimide. Azo dye molecules undergoes a structural change called photoisomerization between trans
and cis types by photoexcitation. Surface relief gratings are fabricated with azo dye films in interference
lithography technique because the thickness of azo dye film changes during the photoisomerization process.
Fig. 2.17(b) shows optical absorption of the CR film according to irradiation time with power density 100
mW/cm 2 [13]. We selected Congo Red because it has very high refractive index (1.9) and its absorption
peak is about 510 nm in Fig. 2.17(b), while typical photoresist chemicals have lower refractive index (~1.6)
and absorption peak in the UV range.
Maximum practical incident angle with our setup is about 70' and the critical angle for total internal reflection
and contrast are like followings,
Ocr = sin-'(n 2 /nl) [4]. (2.16)
The laser emission in reality is not a single wavelength, but has certain spectral width. 532 nm Verdi-10
laser from Coherent has linewidth <5 MHz [16]. So we need to check the SPR wavelength variation caused
by this spectrum since it may decrease the contrast.
____1/2
+ + Ak (2.17)
CC 1 + E2 )
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According to the literature [17], corrugation amplitude of the grating affects SPR dispersion curve like
equation (2.17) and we estimate the change of dispersion curve change Ak as -1.1430x 10 5 according to 8 nm
corrugation amplitude of the grating from the literature.
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Fig. 2.18 Sin(incident angle) value according to
grating constant with Congo Red surface using 532 nm
laser.
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Fig. 2.18 shows sin value of incidence angle of 532 nm exciting light according to grating constant with
Congo Red surface on the gold coated cover glass (n=1.52). Dashed line represents the result with SPR
dispersion change caused by corrugation and its effect is not severe. The linewidth of Verdi-10 laser is so
small that we can't distinguish three lines with three different wave length and only one green line is seen.
The horizontal black line shows upper limit of incident angle to get enough contrast (46.627') and the
horizontal magenta line shows lower limit of incident angle for TIR (41.27'). From Fig. 18, we chose
optimum incident angle of sin'(0.69) = 43.6301', the SPR wavelength of 131 nm, and grating constant of
104.1 nm. According to literature [18], the SPR coupling efficiency of glass side corrugation is much bigger
than that of gold side corrugation.
131 nm 131 nm
8 mFig. 2.19 Grating configuration
QI Au The grating constant range: 130-133 nm
Thickness of the gold: 40 nm
Corrugation amplitude: 8 nm
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Nonetheless we will first use gold side corrugation as Fig. 2.19 because this configuration is easier to make
and increasing exposure time and laser power can offset the low coupling efficiency. The thickness of the
gold coat is 40 nm because it was already confirmed that this thickness is enough for generating SPR and
penetration of light emitted from bead sample in previous research in our lab. Corrugation amplitude was
set as 8 nm, but this number can be changed according to the experimental result.
3. Experimental results and discussion
3.1 SW-TIRL
Fig. 3.1 The cover glass sample spin-coated with 0.04 M
Congo Red solution of deionized water.
The Congo Red thin films were spin-coated as shown Fig. 3.1 on a microscope cover glass (n =
1.522) with the thicknesses of about 40 nm for the 0.04M solution of deionized water. Since the Congo Red
solution has low viscosity and the surface of the cover glass is hydrophobic, plasma cleaning process is
needed to attack the surface and make it hydrophilic. As the time of plasma cleaning increased, the adhesion
between the Congo Red solution and the surface became sufficient. We pumped the air in the chamber of
the plasma cleaning machine for 10 secs and did the plasma cleaning with rarefied air for 3 mins. Then 50
pL of 0.04 M Congo Red solution with deionized water was dropped and spread as large as possible with the
pipette aid tip. Spin coating was done with three steps; at 540 rpm for 3 secs (removing excessive amount of
solution), at 0 rpm for 1 sec (waiting for the remaining solution to spread), and at 400 rpm for 220 secs
(making the coating thin and drying the water).
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Fig. 3.2 AFM images of SRG (Surface Relief Grating) fabricated by SW-TIRL: (a) and (c) by S-polarized
light and (b) and (d) by P-polarized light.
Fig. 3.2 shows the AFM images (D3 100, Veeco) of SW-TIRL on Congo Red thin films with S- and
P-polarized evanescent waves on a high NA objective lens (Olympus Plan Apo 60X NAl.45) with 532.0 nm
Nd:YLF laser (Verdi-10, Coherent). The irradiation conditions were different for each polarization: for S-
polarization for 30 mins with the power density 2,100 mW/cm 2 and the incident angles of 70- and for P-
polarization for 10 mins with the power density 5,600 mW/cm 2 and the incident angles of 70o. The intensity
of interference pattern with P-polarized light was less than one-tenth of the intensity of interference pattern
with S-polarized light when we observed the standing wave fringe pattern through the oscilloscope connected
to the CMOS sensor for standing wave phase control. As a result, the controller didn't work for the P-
polarized light with the same power density as S-polarized light and we had to increase the power density.
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So it is hard to compare the S- and P-pol results quantitatively, but qualitative comparison is possible.
From the above figure, it is confirmed that SW-TIRL is possible with P-polarized light like with S-polarized
light. The width of the image in above figure is 2pm and there are about 9 periods of interference patterns in
both cases. Therefore the period of interference pattern is about 222 nm. According to equation (2.4),
theoretical period with the experimental condition is 186 nm. This big difference (about 19%) may come
from the misalignment of optical component or excessive simplification during making the equation.
4. Conclusions and future directions
It was firstly shown that interference lithography with an Azo dye (Congo Red) by P-polarized light
is possible. We proved that standing wave fringes are made with SW-TIRF experimental setup. To make
an upgrade version of SW-SPR technology with sub 50 nm resolution by introducing corrugation on the metal
surface, we optimized the parameters for wave number matching. Specifically, six parameters were selected;
the kind of material under the metal, the kind of metal, the kind of medium on the metal, the incidence angle
of the exciting light, the grating constant, and the angular frequency (wavelength) of the exciting light.
The actual demonstration of SW-SPRL and SW-SPRF with sub 50 nm resolution using corrugated
gold surface will be carried out in the near future. Thus we are going to try to get the similar AFM result in
Fig. 3.2 for SW-SPRL and PSF for SW-SPRF with high resolution in the near future. We will demonstrate
the high-resolution capability (-50 nm) of SW-SPRF with a grating in biological systems.
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